Abstract-The ultimate goal of this paper is to print radio frequency (RF) and microwave structures using a 3-D platform and to pattern metal films on nonplanar structures. To overcome substrate losses, air core substrates that can readily be printed are utilized. To meet the challenge of patterning conductive layers on complex or nonplanar printed structures, two novel selfaligning patterning processes are demonstrated. One is a simple damascene-like process, and the other is a lift-off process using a 3-D printed lift-off mask layer. A range of microwave and RF circuits are designed and demonstrated between 1 and 8 GHz utilizing these processes. Designs are created and simulated using Keysight Advanced Design System and ANSYS High Frequency Structure Simulator. Circuit designs include a simple microstrip transmission line (T-line), coupled-line bandpass filter, circular ring resonator, T-line resonator, resonant cavity structure, and patch antenna. A commercially available 3-D printer and metal sputtering system are used to realize the designs. Both simulated and measured results of these structures are presented.
antennas to more complex geometries like a folded E-patch, logo-based design, and modular antennas are seen in the literature [5] . Antennas for ultrawideband applications have been demonstrated using 3-D printing to create a dielectric host for a sputtered copper metal layer [6] , [7] , as well as a 3-D antenna composed of a balun and half-wave dipole with meandered line portions using stereolithography [8] , and RFID tags using a gravure-offset method [9] . It has also been shown that although the metalization of 3-D printed dielectrics results in relatively high surface roughness that the surface roughness has minimal effect on 3-D printed antennas overall performance and that a surface roughness as high as 40 μm on a horn antenna only resulted in about 1-2 dB loss of gain in the Ku-band [10] .
The 3-D printed passive circuits and components for higher frequencies have also been demonstrated. In [11] , dielectric ridge waveguides, a photonic crystal filter, and a power splitter were all printed on a commercially available 3-D printer and shown to work at low terahertz frequencies. Ultrawideband cylindrical and rectangular waveguides for use between microwave and terahertz frequencies have also been demonstrated [12] . Alternatively, as opposed to printing 3-D components directly, AM has been employed in creating molds for injection molding high-frequency components ranging from lenses, probes, ridge waveguides, and filters [13] .
Much work has been done to explore using AM techniques to produce 2-D antenna structures by using conductive inks on paper [14] , [15] and dielectrics [16] , [17] . Unfortunately, there are limitations for the conductive inks commonly used, as silver-based conductive inks have a resistance roughly five to ten times greater than that of copper [9] . Silver paste also has a relatively poor conductivity and is therefore unsuitable for high-frequency applications. Also, silver paste is brittle, and cracks are formed over time, resulting in an increase in resistance.
Although a commonly cited benefit to 3-D printing electronic structures is the capability to fabricate more complex geometries than might be possible using traditional fabrication techniques, little work has been done demonstrating such structures for high frequencies. Additionally, much of the work demonstrating complex structures in general is done using silver-based inks and pastes for metalization, which is not well suited for high-frequency applications. In this paper, a novel fabrication technology building upon AM for RF and 2156-3950 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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microwave circuit applications incorporating metal patterning using copper and air-dielectric substrates is demonstrated. The proposed approach requires no mask and no printed circuit board substrates. Additionally, complex 3-D structures can readily be formed, fast prototyping can be done, and minimal material waste is generated. Using the proposed approach, a shadow mask can be created. However, unlike the process used in [18] where a subtractive manufacturing process is used to etch silicon for a shadow mask, the shadow mask can be printed directly on the substrate. In addition to being able to print the mask directly, it can be printed in situ and avoid the need for an alignment process entirely. Similar to the work found in [19] , where an SU-8 sacrificial mask is used for metalization of a polydimethylsiloxane surface, here a 3-D printed sacrificial shadow mask layer is printed for direct metalization of a 3-D printed substrate. After metalization, the mask layer is simply lifted off, leaving only the patterned area on the substrate.
One of the factors limiting the 3-D printing of highfrequency circuits is the scarcity of low-loss materials for 3-D printing technology. Here, a substrate fabrication technique where two layers of a 3-D printed dielectric separated by an air gap to compose the total layered substrate is incorporated. This allows the overall substrate dielectric constant and loss to be significantly reduced [20] , [21] .
Finally, two metal patterning processes that take advantage of AM, a damascene-like process, and a 3-D printed bilayer liftoff are explored. Damascene processing is where a trench or via is filled with copper, or some other metal [22] . The process is realized for AM by 3-D printing the designs slightly indented into its substrate, blanket metalizing the entire top, and then mechanically removing the copper from the raised layer. This leaves behind only the desired patterned structure. Unlike traditional damascene processing, the entire trench is not filled with copper; only a thin layer of copper is present in the trench floor and walls. In the second approach, a three-layer stack consisting of spacer material (uncured), sandwiched between layers of VeroWhitePlus (cured) where one is used as a sacrificial lift-off layer. The spacer layer provides adhesion during the metalization process. The top layer is lifted off after blanket metalization of the whole structure. These processes allow for fabrication of fine line geometries with thick metal layers. This paper evaluates the utility of using a variety of fabrication processes for 3-D printed RF circuits including using a sacrificial 3-D printed layer and a damascene-like process for patterning copper, as well as air gap substrates. Using these techniques, traditional as well as geometrically complex RF passive circuits are demonstrated. Beyond RF, these processes can readily be adopted in the design of a range of passive circuits and system integration.
II. FABRICATION PROCESS Two metal patterning processes are explored: a damascenelike process whereby the material outside of the trench region is mechanically removed, and a lift-off process with in situ deposition of a lift-off layer is done using 3-D printing. An outline of both processes to fabricate a microstrip can be seen in Fig. 1 , where the damascene-like process is down the left and the lift-off process down the right. As can be seen in the process outline, the processes are nearly identical. The key difference between them is the mechanism in which the excess metal from the metalization step is removed and how that final excess removal is accounted for in the initial design of the 3-D printed structure.
A. Air Gap Substrate
In designing and fabricating microwave devices, one of the key aspects that needs to be considered is the material of the substrate. There are many reasons why a lower or higher dielectric constant might be desirable for a design, but universally a low loss tangent is ideal. One of the main limitations for pursuing RF, microwave, and even higher frequency designs using AM is the lack of materials with low-loss tangents in these frequency ranges. This could improve in the future given recent work in polymer-ceramic nanocomposites [23] and specifically for their use in AM [24] . However, these options are not currently commercially available.
Another way of getting around this issue while still 3-D printing a substrate directly is to use an air gap substrate where a layer of air is sandwiched between two layers of the 3-D printed build material. VeroWhitePlus is used here as the build material and is a rigid opaque mainly composed of poly(isobornyl acrylate) and poly(methyl methacrylate). VeroWhitePlus has a dielectric constant of 2.8 and a loss tangent that ranges from 0.02 to 0.04 from 0.1 to 0.8 THz [25] . The dielectric properties of VeroWhitePlus were also measured in the S-band and found to be consistent with these values. By introducing a layer of air, which has a dielectric constant of approximately 1 and loss tangent of zero, the effective dielectric constant of the substrate is lowered as well as the loss tangent.
To investigate this effect, High Frequency Structure Simulator (HFSS) was used to simulate a 50-microstrip line on an air gap substrate for a varying ratio of air to the total substrate thickness while holding the overall substrate at a constant thickness of 1.5 mm, a thickness that would accommodate a standard SMA connector. In this simulation, the ratio of air in the substrate was varied from 0% (all VeroWhitePlus) to 60% (majority air). Clearly, as the substrate is changed in simulation, the effective dielectric constant will also be changed, therefore varying the actual impedance of the microstrip line. To account for this, for each scenario, the microstrip width was changed to maintain an impedance of 50 . Additionally, in these simulations the ground plane and microstrip line were modeled as perfect electrical conductors (PECs) so that any effects on loss can be attributed to the introduction of air into the substrate and not possibly to the reduction of conductor losses.
The results, seen in Fig. 2 , show the propagation loss constant, α, at select frequencies versus the ratio of the thickness of the air layer to the total thickness of the substrate. As the ratio of air increases, the overall propagation loss is lowered. This shows that by adding an air gap layer, the loss of the substrate can be reduced since propagation loss is related to the dielectric loss tangent as shown in (1). In (1), α d denotes the propagation loss due to dielectric losses. Since the model used for Fig. 2 was nonradiating and used PEC in the place of an actual conductor, the propagation loss is due to dielectric losses. Notably, an air gap substrate would be a difficult solution to implement using more traditional manufacturing processes and demonstrates the unique position AM holds to produce complex geometries without additional complexity in fabrication
In the process diagram in Fig. 1 , the air gap is printed by printing the air region with support material and then removing the support material at the end of the fabrication process. The printer used for this paper, a Stratasys Object Connex350, prints using a material jetting (polyjet) process where the build material is added layer by layer in a liquid form and then selectively cured with UV light. The support material in the air gap is Fullcure 705 support resin, which can readily be removed with pressurized water spray or by hand. Using this process, designs can be printed with a resolution of 16 μm. Additionally, to realize the air gap, very small support posts are printed in between the top and bottom layers of VeroWhitePlus. Once the support material is removed, this allows the two VeroWhitePlus layers to stay together at the desired air spacing.
In this paper, a total substrate thickness of 1.5 mm was chosen so that structures could be practically realized with the use of standard edge-mount SMA connectors for coupling. The layers of VeroWhitePlus were chosen to have a thickness of 0.5 mm, which is as thin as could be manufactured to maintain structural integrity. Using layers of VeroWhitePlus much thinner than 0.5 mm could result in excessive deformation during the heat of the sputtering process, therefore the amount of air that could be used was limited by the available connector size. An air gap of 0.5 mm was used to accommodate manufacturing tolerances from the 3-D printer so the total substrate thickness would not exceed the connector thickness. These results show that if thinner layers of VeroWhitePlus or if connectors accommodating an overall thicker substrate could have been used, then the losses incurred in the designs could have been greatly reduced.
B. Damascene-like Process
The step-by-step illustration of the damascene-like process, to fabricate a microstrip with an air gap substrate is shown on the left-hand side of Fig. 1 . To create the trenched areas where metalization is desired, and account for the later need to mechanically remove excess copper, additional substrate material is added in the areas that are not to be patterned. This substrate height difference between where copper is desired and undesired allows for easy removal of the undesired copper by a chemical or mechanical process such as polishing using fine-grit sandpaper. For this process, an additional substrate height of 200 μm was used that protrudes on the side of the patterned metalization region.
After printing the substrate for the desired structure, with the additional substrate height where metal patterning is not desired, the entire structure is metalized using a Denton Vacuum Desktop Pro sputtering system. A 60-nm-thick layer of Titanium (Ti) is deposited, which promotes adhesion between the dielectric material and the copper. Then, a 0.5-μm layer of copper (Cu) is deposited. After metalization, the unwanted copper is removed using a mechanical process such as polishing. Although a mechanical process was used here to remove the excess copper, a chemical process could also be employed. Then, the support material in the air gap layer is removed to create the final structure.
Support material can be reliably removed by hand by either mechanically pushing it out with a thin pick or scraper or using pressurized water spray and can be further cleaned using a solution of 2%-3% sodium hydroxide to soften the support material followed by an ultrasonic bath. In Fig. 6 , a close-up cross-sectional photograph of a cleaned sample is shown. A sample structure through this process can be seen in Fig. 3 , where a transmission line (T-line) resonator is shown directly after 3-D printing, metalization, and the mechanical removal of excess copper.
C. In Situ Lift-Off
In addition to the damascene-like process, an in situ liftoff process for patterning metal to a 3-D printed substrate is proposed. The step-by-step illustration of the in situ lift-off process, to fabricate a microstrip with an air gap substrate, is shown on the right-hand side of Fig. 1 . During the creation of the file representing the structure geometry to be sent to the 3-D printer, a thin layer of VeroWhitePlus is added just above the substrate for the design. For the process used here, a 200-μm-thick layer of VeroWhitePlus was added 200 μm above the substrate. This added layer, similar to the damascene-like process, is only added where metalization is not desired. The added layer acts as a lift-off mask where, after metalization, the excess metal is removed by simply lifting the mask layer off the substrate as can be seen in Fig. 4 .
Similar to the damascene-like process, this approach includes printing of the initial structure, followed by sputtering a thin layer of Ti for adhesion with the following layer of Cu, and finally the desired metal patterning is realized by lifting off the in situ mask layer. This lift-off process eliminates the need for alignment of the mask layer since the mask layer is deposited directly and in situ. The layer is held in place by the thin layer of deposited support material, which is readily removed by chemical or mechanical cleaning.
III. DISCUSSION OF LIMITATIONS AND POSSIBILITIES
There are some limitations to the proposed processes when considering surface roughness, feature size limitations, minimum substrate thickness, and limitations regarding the support posts for the air gap substrate. The 3-D printed structure inherently has 5-10 μm of surface roughness depending on the final finish, which contributes to loss. Using this process and specific 3-D printer, a minimum substrate thickness of 100 μm was found due not to the minimum resolution of the printer, but to effects from mechanical handling of the parts. The best results were seen when the support posts for the air gap substrate had an aspect ratio of 1:1 with respect to the air gap thickness. For example, if the air gap had a thickness of 250 μm, then the optimal support post base would be 250 × 250 μm. It was found that VeroWhitePlus layers of 0.5 mm in thickness were optimal for being thin while maintaining sufficient structural integrity to not bow or deform during the sputtering process. Finally, using this process, the support material is not perfectly removed and typically leaves behind around 50 μm of residue. This does affect the effective dielectric constant, but is such a small percentage of the total substrate (around 4% for the designs presented here) that it has been considered negligible.
For the damascene-like process, the trench is not completely filled with metal, but rather is coated with a thin layer. To investigate any effects from this, HFSS was used to simulate a 50-microstrip line on a 1.5-mm-thick VeroWhitePlus substrate with the height of the additional sidewalls that create the trench varied. The sidewall height was simulated for values of 0 (no sidewall) to 300 μm in 100-μm increments. The metal was simulated as a finite conductivity boundary using copper as the material and a thickness of 0.5 μm to realistically represent the devices made in this paper.
In simulation, little to no difference was seen with respect to the reflection coefficient and the propagation loss or phase constant. Some difference was seen for the transmission coefficient, the results, seen in Fig. 5 , show the S-parameters over frequency for the various sidewall heights. Since the trench is not filled, the metalized sidewall acts as an extension of the microstrip line, thereby making it electrically wider and lowering the impedance. The results show that as the sidewall increases, it lowers the impedance. These results indicate that to reproduce designs accurately using the damascene-like process, this additional trace width should be accounted for by slightly shrinking the actual patterned designs.
There are fabrication possibilities present with this process that would be difficult, if not impossible, using traditional methods. One such example is of a nonplanar microstrip, as seen in Fig. 6 . To create a nonplanar substrate through methods like micromachining would be very difficult, and to pattern a nonplanar substrate using traditional photolithography would be impossible. The proposed in situ lift-off and damascenelike processes using 3-D printing proposed here offer not just an alternative fabrication method, but a method to create structures that would otherwise be unrealizable. Using the proposed process, a raised microstrip such as the one shown could theoretically have no limit to the raised height. In reality, the height is limited by the capabilities of the 3-D printer and metalization process used.
IV. PROCESS DEMONSTRATION
To demonstrate the capabilities of the damascene-like and in situ lift-off processes, various sample structures were designed, simulated, fabricated, and measured. All the designs are microstrip-based, including a microstrip line, coupled-line bandpass filter, resonators, patch antenna, and a cavity.
All designs were fabricated using both the damascene-like and in situ lift-off processes. The difference in performance of the devices made using both processes was negligible, and therefore only one set of measured results is shown for each device. The devices are coupled into using standard edgemount SMA connectors that were adhered using silver paste. Silver paste was also used to provide a seal for the cavity around where the cavity bottom meets the lid on the top.
Measurements for the reflection and transmission coefficients were done using an Agilent N5227A PNA network analyzer, and the radiation pattern for the patch antenna was measured using a SATIMO StarLab near-field measurement system. Specifics for the sample devices are discussed in detail in Sections IV-A-IV-D. The PNA was calibrated using a standard 3.5-mm calibration kit, and the StarLab with a manufacturer provided calibration horn antenna.
A. Microstrip Transmission Line and Coupled-Line Bandpass Filter
Microstrip lines are one of the most common types of interconnect for integrated circuit designs. They are easy to fabricate with traditional photolithography and design, and have a low profile. To provide the most straightforward demonstration of the proposed process, a 10-mm-long 50-line was fabricated, and its reflection and transmission coefficients were measured. As can be seen in Fig. 7 , low reflection and high transmission was observed in both the simulated and measured data. Simulation results for a 50-line on a 1.5-mm substrate only composed of VeroWhitePlus were also included to show that reflection and transmission coefficient performance is similar when the air gap substrate is not used. However, as can be seen in the S 11 responses in Fig. 7 and as shown in Fig. 2 , the propagation loss is greatly reduced by using the air gap.
The coupled-line bandpass filter design and dimensions can be seen in Fig. 8(a) . As can be seen from Fig. 8(a) , the filter is of the order n = 6 and designed to be matched to 50-connectors. The final fabricated structure created via the damascene-like process can also be seen in Fig. 8(a) , and its simulated, and measured results in Fig. 8(b) . The measured results match up fairly well with simulation and a clear bandpass region is observed although with a slight shift in frequency.
This performance difference as compared to simulation is due to an increase in effective dielectric constant, which causes a downward shift in frequency, and greater loss tangent, which widens the bandwidth. The effective dielectric constant is higher due to manufacturing tolerance, which makes the VeroWhitePlus layers slightly thicker, and the contribution from the 50 μm of support material residue and the loss incurred is greater due to losses from the connectors and the use of silver paste for attaching the connectors. Additionally, in simulation, bulk copper is used to model the copper layers, whereas in reality the copper used is a thin-film copper, which has a lower conductivity. 
B. T-Line and Circular Ring Resonator
Resonators are commonly used microwave elements in many active and passive circuits, such as filters, oscillators, amplifiers, and antennas. Resonator-based substrate characterization methods are most commonly employed to evaluate fabrication processes. The resonance frequency can be used to extract the dielectric properties of the substrate, and the Qfactor can be used to extract the loss tangent [26] , [27] . In this section, a few examples of resonators fabricated using the in situ lift-off process are analyzed for their performance.
The microstrip-based T-line resonator is designed using an open circuited stub. The Q-factor of this T-line resonator is very low when compared to the circular or cavity resonator. This structure is chosen to demonstrate the fabrication of low-Q resonators using the lift-off technique. Fig. 9 shows the schematic and dimensions of the simulated T-line resonator, the image of the fabricated T-line resonator, and the simulated and measured results. Overall good agreement is shown between simulation and measurement results.
Circular ring resonators are commonly used in the design of metamaterial-based circuits. To enhance the Q-factor, the circular ring resonator is designed to be edge coupled to the feeding microstrip line. The ring has a diameter of one wavelength, which determines the resonance frequency of the ring. The ring resonator has a fundamental frequency as well as higher order harmonics. The Q-factor of the ring resonator is tailored by changing the capacitive gap between the ring and the microstrip feedline. The structure is also fabricated using the lift-off process. Fig. 10 shows the schematic and dimensions of the circular ring resonator, the image of the fabricated circular resonator, and the simulated and measured results. Overall, the simulation and measurement results agree on the resonators performance.
The circular ring resonator can also be used to extract the effective permittivity of the air gap substrate. Using the method from [26] , which is outlined in the following, the permittivity of the proposed layered substrate was found to be 1.68. In the method used, c is the speed of light in a vacuum, and e eff is a function of the ring radius, denoted by r m , at the nth resonant frequency, denoted by f 0 . Here, the first resonant frequency was used, which was observed at 3.03 GHz. The measured thickness of the substrate, h, was 1.25 mm, and the conductor thickness, t, was 0.5 μm. Additionally, the strip width of the ring, w, was 1.23 mm
Using HFSS, the effective permittivity for air gap substrate at 3.03 GHz was found to be 1.75 using a 50-microstrip as the simulated model. This matches well with what was calculated from measurement.
Additionally, the measured effective loss tangent can be estimated using the Q-factor by using the relationship that the loss tangent is the reciprocal of the Q-factor, the Qfactor being defined as the resonant frequency over the full width at half maximum. For this, the T-line resonator will be used instead of the circular ring resonator as the circular ring resonator is strongly coupled and the wider bandwidth obscures the true loss tangent. Through simulation, the contributions from conductor and radiation losses can be estimated in order to calculate an estimate of only the dielectric loss tangent by simulating the same model and setting the dielectric loss tangent of VeroWhitePlus to zero. After removing the estimated contributions from conductor and radiation losses, the estimated dielectric loss tangent from the measured results is found to be 0.015. Using (1) for the substrate used in this paper, one with 33% air, a dielectric loss tangent of 0.017 can be estimated, which matches well with the measured results. Although the amount of air in the substrate was limited due to practical reasons, it is indicated from the simulation results in Fig. 2 that a much lower effective loss tangent could be achieved if the amount of air in the substrate is increased. Fig. 11 . Cavity-coupled microstrip structure: (A) the fully assembled cavity, (B) the top piece where the (B1) top side has the microstrip, (B2) the backside has patterned slots for coupling, and (C) the bottom piece.
C. Cavity-Coupled Microstrip
The 3-D cavity resonators are used in satellite communication systems, oscillators, and radar equipment. These are often preferred for such applications over planar resonator structures because they are low-loss and can achieve extremely high Qfactors that are not realizable with planar structures. Many examples in the literature exist of 3-D micromachined cavity resonators and filters using metal and dielectric [28] or with silicon [29] , [30] . The processes for machining these structures are cumbersome and complex, but using AM, such complex structures could be produced without fabrication complexity as shown here.
The model for the cavity structure, which does not use an air gap substrate, can be seen in Fig. 11 . The structure is composed of two layers, where the top layer has two microstrip lines that couple into the cavity patterned on one side, slits in the ground plane are patterned on the other, and a bottom layer, which has five of the six total walls that compose the cavity itself. The small amount of microstrip length hanging off the side of the structure for both lines is there to provide space to attached SMA connectors. The final fabricated pieces, done with the damascene-like process, can be seen in Fig. 12(a)-(c) .
In Fig. 12(d) , the simulated and measured results are shown. The measured results are similar to the ones predicted with simulation, but are much more lossy than expected due to weak coupling. Some of the loss is also due to the silver paste used to adhere the top and bottom halves of the structure and some to the silver paste used to adhere the SMA connectors. Additionally, the bottom wall of the cavity was relatively thin and did deform due to heat during the copper sputtering by bowing upward a small amount. This bowing would have shifted the frequency a bit and provided additional mismatch.
Demonstrated here is also, to the authors knowledge, the first example of a tunable 3-D printed RF component. As can be seen in Fig. 12(e) , results are shown for the transmission coefficient of the cavity structure while pressure is applied to the bottom wall of the cavity. As pressure is applied, the passband subtly shifts down in frequency.
D. Patch Antenna
The microstrip patch antenna has become one of the most used antennas in the field of communications. This is due to the simplicity in the design, light weight, low cost, low profile, and its ability to be easily integrated into different electronic devices. A simple rectangular patch antenna is designed, fabricated, and measured with an operational frequency near 4.72 GHz. The dimensions of the patch antenna, its final fabricated sample from the damascene-like process, and its simulated and measured results can be seen in Fig. 13 .
The reflection coefficient matches well with the simulated result. The radiation patterns show a lower gain than expected by about 1-2 dB. As discussed in Section I, around 1-2 dB can be attributed to surface roughness, although there were probably other factors contributing to the loss such as added resistance from the silver paste used for the connectors and a slightly thinner air gap than what was expected.
The effects of thickness for the air gap layer on radiation performance were investigated in the simulation.
While holding the thickness of the VeroWhitePlus layers constant at 0.5 mm, the thickness of the air gap layer was varied. There was a direct correlation between antenna gain and air-gap layer thickness observed. This effect is directly related to the decrease in the effective dielectric constant of the substrate [31] as the air gap is increased. Substrate dielectric constant effects the fringing field at the edge of patch antennas and, as dielectric constant decreases, the fringe field becomes wider thus improving the gain. In simulation, it was observed that increasing the air gap layer by 0.4 mm could improve the antenna gain by 1 dB.
V. PROCESS EVALUATION All designs were originally designed to operate at 5 GHz, but, after fabrication, the devices with air gap substrates showed a downward shift in frequency. It was found that the air gap layers were thinner after fabrication than originally designed. This is due to slight bowing of the VeroWhitePlus from the heat of the sputtering process and imperfect cleaning of the support material. Since the air gap is less than expected, the effective dielectric constant and loss tangent of the substrate were higher than the values used in simulation. The simulated results shown in Section IV reflect the real dimensions of the fabricated devices and not the ideal. The bowing of the VeroWhitePlus can be partially avoided by using thicker layers or could be completed avoided by using a lowtemperature process.
A lower temperature process could also allow thicker metal layers to be deposited. Although only 0.5 μm of copper was used to metalize the circuits in this paper, to avoid excessive heating of the substrate during the sputtering process, which could cause substrate deformation, thicker layers of copper could be realized using a metal plating process.
Additionally, the cleaning of the air gap could be improved by changing the assembly mechanism of the top and bottom layers of the air gap substrate. For example, if the top and bottom were fabricated separately, as long as one half was still printed with support posts, they could be adhered together with a miniscule amount of any common adhesive, such as epoxy, after being cleaned. This would allow much better removal of support material and improve the integrity of the air gap by only having one half of the substrate undergo the sputtering process.
After accounting for changes in the substrate, there is still some discrepancy between simulated and measured results. As previously mentioned, silver paste was used to adhere the SMA connectors to the devices. Silver paste is relatively lossy, the manufacturer gives a volume resistivity of 0.0174 · cm, and it adds around 2-5 of resistance to the ports of the devices. The effects of using the silver paste are the primary cause of discrepancies seen between simulated and measured results. Additionally, VeroWhitePlus is a porous material, and its dielectric constant could be shifted around 10% from its expected value.
Overall, this process is less expensive and labor-intensive than other cleanroom processes that would traditionally be used to fabricate RF circuits. The traditional processes that would be used in a cleanroom would also make it very difficult to implement an air gap substrate or, depending on the size and thickness of the substrate, not at all.
VI. CONCLUSION
Here, two metal patterning processes are demonstrated using 3-D printing, to the best of our knowledge, for the first time. Both of these processes allow for patterning of geometries with high resolution, as limited by the 3-D printer, and allow more complex structures to be realized than with traditional process. These approaches allow for patterning of metal layers on complex nonplanar 3-D structure, which would be difficult, if not impossible, using conventional lithography techniques. Furthermore, it avoids the use of expensive photolithography materials.
Taking advantage of 3-D printing, existing materials are used to achieve low-loss substrates by incorporating air spacers in the core of the printed substrates. Results from simulation show that the layered material and air substrates significantly lower the loss tangent property of the effective substrate used. With the availability of a lower loss substrate and the proposed methods to easily pattern 3-D printed substrates, different circuits were designed and fabricated. The results for sample devices including a microstrip, coupled-line bandpass filter, resonators, cavity, and patch antenna matched well with simulation.
Overall the proposed process for metal patterning and creating low-loss 3-D printed substrates can aid in overcoming the challenges present to take advantage of 3-D printing for fabricating RF and microwave circuits. With further advances in 3-D printing resolution, this technique can be adopted for the fabrication of millimeter-wave circuits as well.
